Duchenne muscular dystrophy (DMD) is a lethal genetic disorder caused by an absence of the dystrophin protein in bodywide muscles, including the heart. Cardiomyopathy is a leading cause of death in DMD. Exon skipping via synthetic phosphorodiamidate morpholino oligomers (PMOs) represents one of the most promising therapeutic options, yet PMOs have shown very little efficacy in cardiac muscle. To increase therapeutic potency in cardiac muscle, we tested a nextgeneration morpholino: arginine-rich, cell-penetrating peptideconjugated PMOs (PPMOs) in the canine X-linked muscular dystrophy in Japan (CXMD J ) dog model of DMD. A PPMO cocktail designed to skip dystrophin exons 6 and 8 was injected intramuscularly, intracoronarily, or intravenously into CXMD J dogs. Intravenous injections with PPMOs restored dystrophin expression in the myocardium and cardiac Purkinje fibers, as well as skeletal muscles. Vacuole degeneration of cardiac Purkinje fibers, as seen in DMD patients, was ameliorated in PPMO-treated dogs. Although symptoms and functions in skeletal muscle were not ameliorated by i.v. treatment, electrocardiogram abnormalities (increased Q-amplitude and Q/R ratio) were improved in CXMD J dogs after intracoronary or i.v. administration. No obvious evidence of toxicity was found in blood tests throughout the monitoring period of one or four systemic treatments with the PPMO cocktail (12 mg/kg/injection). The present study reports the rescue of dystrophin expression and recovery of the conduction system in the heart of dystrophic dogs by PPMO-mediated multiexon skipping. We demonstrate that rescued dystrophin expression in the Purkinje fibers leads to the improvement/prevention of cardiac conduction abnormalities in the dystrophic heart. Duchenne muscular dystrophy | exon skipping | peptide-conjugated morpholinos | cardiac Purkinje fibers | dystrophic dog model
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Duchenne muscular dystrophy | exon skipping | peptide-conjugated morpholinos | cardiac Purkinje fibers | dystrophic dog model D uchenne muscular dystrophy (DMD) is the most common lethal myopathy, and is characterized by progressive muscle degeneration and weakness (1) . Patients typically die around 20-30 y of age because of cardiac and/or respiratory failure. DMD is caused by a lack of dystrophin protein due to mutations in the dystrophin gene (2) . Exon skipping using a splice-switching oligonucleotide (SSO) is one of the most promising therapies for DMD and is currently the focus of clinical trials (3) . SSO-mediated exon skipping prevents the incorporation of mutated exons and/or neighboring exons into the spliced mRNA and restores its reading frame (4) . As a result, internally deleted but partly functional dystrophin protein is produced from the modified mRNA, similar to what is observed in the milder dystrophinopathy, Becker muscular dystrophy (BMD) (5, 6) .
Therapeutic exon skipping that targets a single exon is applicable to 64% of all DMD patients (7). Multiexon skipping can potentially increase the scope of SSO therapy to ∼90% of deletion mutations, 80% of duplication mutations, and 98% of nonsense mutations (8, 9) . In some cases, efficient exon skipping is induced using a few SSOs targeting different positions in the same exon (10, 11) . Thus, SSOs need to be designed according to mutation patterns and/or the nature of the target exon. Golden Retriever muscular dystrophy (GRMD) and beagle-based canine X-linked muscular dystrophy in Japan (CXMD J ), in which the dystrophin reading frame can be restored by skipping exons 6 and 8 (Fig. 1A) , are widely accepted as adequate animal models to examine the potential of multiexon skipping (12) . Previously, we demonstrated that a cocktail of SSOs targeting exons 6 and 8 efficiently induced multi-exon skipping and rescued dystrophin expression in bodywide skeletal muscles (10) .
Although antisense phosphorodiamidate morpholino oligomers (PMOs) effectively rescued dystrophic phenotypes in murine and canine models and were well tolerated in patients enrolled in clinical trials (3), they were inefficient in cardiac muscles (10, 13) . Only minuscule levels of rescued dystrophin protein have been
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reported in dystrophin-deficient hearts of animal models following exon skipping using unmodified morpholinos. Adeno-associated virus vector-mediated gene therapy has enabled induction of minidystrophin in the heart of a dystrophic dog model (14, 15) . As another promising solution, PMOs conjugated with cell-penetrating peptides (CPPs) have been developed to induce dystrophin expression more effectively in bodywide muscles including the heart (16) (17) (18) (19) . However, it is still unclear if cardiac conduction abnormalities as detected by electrocardiography (ECG) in DMD patients can be improved by the rescue of dystrophin expression in the heart. Although dystrophic mouse models show few cardiac abnormalities (20) , dystrophic dog models, particularly CXMD J dogs, manifest obvious cardiac symptoms, including distinct Q-waves and increased Q/R ratio, which indicate a cardiac conduction abnormality, in ECG (21) , and vacuole degeneration in cardiac Purkinje fibers by 4 mo of age (22) . We report here that systemic treatment with a cocktail of peptide-conjugated morpholinos (PPMOs) (18) (Fig. 1 B and C) results in successful skipping of multiple targeted exons, which restores expression of dystrophin protein in both skeletal and cardiac muscles in dystrophic dogs and ameliorates cardiac conduction defects. Blood tests indicate no obvious evidence of toxicity during follow-up of systemic treatment with one or four i.v. injections of the PPMO cocktail.
Results
Intramuscular Injection of the 3-PPMO Cocktail into Skeletal Muscle of the CXMD J Dog. The efficacy of the 3-PPMO cocktail (Ex6, Ex6B, and Ex8A) to skip exons 6 and 8 was initially tested by a single intramuscular injection into the cranial tibialis muscles of CXMD J dogs (Fig. S1 ): dogs 3908 female-affected (FA) and 3905FA were intramuscularly treated with 3-PPMOs and negative controls of either Ex6A only or saline, respectively. Two weeks after injection with a total of either 3,600 μg or 1,200 μg of the cocktail PPMOs (i.e., 1,200 μg or 400 μg of Ex6A, Ex6B, and Ex8A each, respectively), high-efficiency skipping of exons 6 and 8 was induced as shown by RT-PCR analysis (Fig. S1A) . Removal of exons 6 and 8 was confirmed by sequencing of the PCR product (Fig. S1B) . Western blotting demonstrated that intramuscular injection with the PPMO cocktail effectively rescued dystrophin protein expression, accompanied by increased levels of a dystrophinassociated protein, β-dystroglycan (Fig. S1 C and D) . In immunohistochemistry, extensive expression of dystrophin-positive fibers (more than 93%) was observed in the CXMD J dog (3908FA) after treatment with both doses (Fig. S1 E and F) . To examine whether dystrophin expression can be induced in cardiac muscles by multiple exon skipping, we injected the 3-PPMO cocktail (12 mg/kg total, 4 mg/kg each of Ex6A, Ex6B, and Ex8A) into two CXMD J dogs (ID no. 3908FA and 3905FA) at 5 mo of age through two different administration routes: (i) intracoronary artery (i.c.) and (ii) i.v. injections, respectively. Two weeks after a single injection via either route, exons 6-9 skipped inframe dystrophin transcripts were observed in cardiac muscles ( of in-frame dystrophin mRNA, in which exons 6-9 were skipped, in skeletal muscles of the affected dogs after consecutive i.v. treatments with the 3-PPMO cocktail (Fig. S2A ). An increase in dystrophin protein levels (∼5% of the wild-type dog) was confirmed in most skeletal muscles of the treated dogs by Western blotting (Fig. S2B) . In immunohistochemistry, extensive expression of dystrophin-positive fibers was observed throughout skeletal muscles after systemic treatment with the PPMO cocktail (Fig.  S2C ). The number of centrally nucleated fibers (CNFs) present in muscle tissue, indicative of cycles of muscle degeneration and regeneration, was examined by hematoxylin/eosin (H&E) staining. Although the percentage of CNFs in wild-type dogs was a mean 0.05% ± 0.07 (SD) with six skeletal muscle types tested (n = 3-5 for each type), affected dogs had CNFs at 11.3% ± 1.4% on average with the six muscle types. A reduced percentage of CNFs was observed in most areas of skeletal muscles in PPMO-treated dogs (Fig. S2 D and E) : mean 4.6% ± 1.5% and 3.0% ± 1.0% in six tested skeletal muscle types of dogs 5301FA and 5306MA, respectively. However, no improvement in the clinical grading or muscle function was observed in the treated dogs (Fig. S2 F and  G) . Spontaneous locomotor activity showed no apparent change in treated dogs compared with nontreated affected dogs over 5 d/nights 1 wk after the final injection (Fig. S2H) .
Restoration of Dystrophin Expression in Myocardium After Four
Systemic Administrations of the 3-PPMO Cocktail. Exons 6-9 skipped in-frame dystrophin transcripts were detected in most areas of the cardiac muscle in consecutively treated CXMD J dogs 5301FA and 5306MA (Fig. 3A) . Western blotting analysis revealed increased levels of dystrophin protein with a molecular weight of ∼400 kDa in the heart (∼5% dystrophin protein compared with that of the wild-type dog) (Fig. 3B) . In immunohistochemistry, scattered dystrophin-positive fibers were extensively observed in the working myocardium 2 wk after the final i.v. injection (Fig. 3C) .
Recovery of Dystrophin Expression and Amelioration of Vacuole
Degeneration in Cardiac Purkinje Fibers in CXMD J Dogs. CXMD J dogs have been reported to exhibit vacuole degeneration in cardiac Purkinje fibers, a histopathological finding also seen in DMD patients (22) (23) (24) . We examined whether rescued dystrophin expression can ameliorate vacuole degeneration in CXMD J dogs. Cardiac Purkinje fibers were identified as having a larger diameter and fainter stainability compared with working myocardium, as observed on transverse sections following H&E staining, as previously described (22) . Immunohistochemistry and H&E staining of serial sections revealed reduced vacuole degeneration in cardiac Purkinje fibers, which was accompanied by the recovery of dystrophin expression in the same fibers, of the systemically treated CXMD J dogs (ID nos. 5301FA and 5306MA), whereas large and many vacuoles were observed in Purkinje fibers of nontreated CXMD J dogs (Fig. 4A ). In all regimens tested, amelioration of vacuole degeneration in Purkinje fibers was found in all four treated CXMD J dogs, and a statistically significant difference in the vacuole areas was found between treated and nontreated dog groups (Fig. 4B) . In the heart of nontreated CXMD J dogs, degenerative vacuole areas of up to 24% of cardiac Purkinje fiber regions were observed. After a single administration of the PPMO cocktail through i.c. or i.v. injection, the area of vacuole degeneration was reduced to ∼13% and 7%, respectively. In the two CXMD J dogs subjected to four systemic injections at 2-wk intervals with the 3-PPMO cocktail, we observed amelioration of degenerative Purkinje fibers to less than 3% of the vacuole area, comparable to the vacuole area in wild-type dogs.
Amelioration of Cardiac Conduction Abnormalities in CXMD J Dogs
After Treatment with the 3-PPMO Cocktail. Cardiac conduction disturbance in CXMD J and GRMD dogs becomes clinically evident using ECG, demonstrated by deep and narrow Q-waves, which are reported in DMD patients (21, (25) (26) (27) . The dystrophic dog models have also been reported to manifest increased Q/R ratio as an outcome of impaired cardiac function (21, 25) . To assess recovery of the cardiac conduction system after treatment with the 3-PPMO cocktail (12 mg/kg, 4 mg/kg each), ECG with lead II was analyzed in CXMD J dogs before and after the single i.v. or i.c. injection or after the four i.v. injections at 2-wk intervals. A peak of distinct Q-waves and a high Q/R ratio outside the normal range were observed by 4 mo of age in nontreated dogs and three dogs subjected to treatment; therefore, injection with the PPMO or PMO cocktail was initiated at 4-5 mo of age. ECG abnormalities (deep Q-amplitude and Q/R ratio) were confounded in the control dog systemically treated with 3-unmodified PMO cocktail (120 mg/kg, 40 mg/kg each) even after five weekly injections ( Fig. 5 A and B) . In contrast, abnormal ECG findings were improved in three treated CXMD J dogs that manifested abnormal ECG before the treatment: dog 3908FA by 1× i.c., dog 3905FA by 1× i.v., and dog 5301FA by 4× i.v. The Q-amplitude and Q/R ratio of the CXMD J dog 5306MA, which did not manifest ECG abnormality before the treatment, remained in the normal range 2 wk after the final injection. In echocardiography (echo) tests, no abnormal findings were found in left ventricular size, shape, and contractility in the hearts of all four dogs before treatment compared with reference values (21, 28) : left ventricular internal diameter (LVID) in diastole (LVIDd), 24.1 mm ± 3.4 (SD); LVID in systole (LVIDs), 14.1 mm ± 1.8; interventricular septum thickness in diastole (IVSd), 5.6 mm ± 0.9; interventricular septum thickness in systole (IVSs), 9.1 mm ± 1.4; left ventricular posterior wall thickness in diastole (LVPWd), 5.3 mm ± 0.7; left ventricular posterior wall thickness in systole (LVPWs), 8.6 mm ± 1.7; and fractional shortening (FS), 40.7% ± 7.4. Consistent with our previous study reporting that echo abnormalities become evident from around 21 mo of age (21), the measured values of those items in the two dogs after four PPMO injections were also in the normal range: LVIDd, 24.5 mm ± 0.7; LVIDs, 14.7 mm ± 0.5; IVSd, 6.5 mm ± 0.7; IVSs, 10.0 mm ± 1.4; LVPWd, 7.5 mm ± 0.7; LVPWs, 10.5 mm ± 0.7; and FS, 37.0% ± 1.4. Obvious abnormality in heart rate was not observed in all PPMO-treated dogs during the course of monitoring (Fig. S3) .
Toxicology. Blood tests examining possible side effects of the 3-PPMO cocktail (total 12 mg/kg, i.v.) showed no obvious abnormalities related to hepatic or renal damage, electrolyte imbalance, or anemia due to systemic treatment in all dogs tested: dogs 5301FA and 5306MA were subjected to four i.v. injections and dog 3905FA was treated with a single i.v. injection (Fig. S4) . A transient increase in some hepatic indicators (aspartate aminotransferase and alanine aminotransferase) was observed in dog 5301FA; total bilirubin was also transiently increased in dog 5306MA. However, levels of a more specific indicator of liver damage, gamma-glutamyltransferase, were less than 3 IU/L within the normal range (0-10 IU/L in healthy beagle dogs at <1 y of age) throughout the monitoring period of all i.v.-treated dogs (29) . Transiently elevated levels of blood urea nitrogen and creatinine, indicative of renal damage, were detected in dog 5306MA following the second i.v. injection, but that was reduced after the third injection. No obvious reduction of creatine kinase levels was observed in the treated CXMD J dogs.
As peptides have the potential to become antigens, we examined the susceptibility of the 3-PPMO cocktail to cause immune activation by counting leukocyte numbers in systemically treated dogs. During systemic treatment, the number of white blood cells, leukocytes, and monocytes did not show any apparent changes with PPMO injection frequency (Fig. S5 A-C) . The number of CD3-positive T leukocytes as detected by immunohistochemistry was also not obviously altered in both skeletal and cardiac muscles of three i.v.-treated dogs 2 wk after the injection compared with the nontreated group, indicating that systemic treatment with the 3-PPMO cocktail induces little or no immune activation (Fig. S5 D and E) .
Concentrations of 3-PPMOs in Serum and Tissue Lysate from i.v.-Treated Dystrophic Dogs. Concentrations of the three i.v.-injected PPMOs (Ex6A, Ex6B, or Ex8A PPMO, 4 mg/kg/PPMO/injection) in serum, liver, skeletal, and cardiac muscles were measured by ELISA using PPMO-specific DNA probes (Fig. S6A) . Although no PPMOs were detected before the injection, the increased blood concentration of each PPMO was observed 24 h after every i.v. injection (except the second injection in dog 5301FA). A certain level of all 3-PPMOs was maintained throughout the treatment in i.v.-treated dogs regardless of injection frequency (Fig. S6B) . After the final injection, the blood levels of individual PPMOs were uniformly and gradually reduced over time, with detectability persisting up to at least 2 wk later. We also found that all 3-PPMOs were detectable at comparable levels in skeletal and cardiac muscles collected 2 wk after the final injection (Fig.  S6C) , whereas no PPMOs were detected in muscles of nontreated dogs. The finding indicates that simultaneously injected different PPMOs can be evenly distributed to both skeletal and cardiac muscles regardless of muscle type and position (e.g., left and right ventricles and interventricular septum represented in . S6C ). PPMO accumulation in the liver was observed at much higher levels compared with the muscles in the three treated dogs.
Discussion
The incidence of cardiomyopathy in DMD patients is estimated to be ∼59% by 10 y of age (1), and almost 100% of patients exhibit some cardiac involvement by 18 y (30). Cardiac failure causes mortality in 12-20% of DMD patients (26, 31) . As demonstrated in clinical trials and in many animal studies, PMO is a promising chemistry for exon-skipping therapy, especially in terms of its safety and sufficient effectiveness in skeletal muscles. However, systemic treatment using PMOs has induced barely detectable dystrophin protein levels in the myocardium of DMD animal models (10, 11, 32) . The reasons for the observed variations in PMO efficacy between skeletal and cardiac muscles are largely unknown. To increase therapeutic potency in cardiac muscle, CPP-conjugated PMOs have been developed. Although PPMO efficacy varies depending on peptide components of PPMOs (18), systemic PPMO treatment has consistently induced high-efficiency production of truncated dystrophin protein in bodywide muscles of mdx mice, including the heart (17, 33). However, it remains to be determined if systemic injections with PPMOs could rescue expression of dystrophin protein in both skeletal and cardiac muscles of large animal models. In the present study, although low levels of rescued dystrophin protein were observed, systemic multiexon skipping using a 3-PPMO cocktail at 12 mg/kg restored dystrophin expression in skeletal and cardiac muscles of CXMD J dogs in which dystrophin protein is normally undetectable. As assessed by Western blotting, the quantity of rescued dystrophin protein was not as high as expected in both skeletal and cardiac muscles of the CXMD J dogs treated with systemic 3-PPMO injections, considering that previous studies in mdx mice showed dystrophin rescue to levels comparable to those of wild-type mice (17, 33) . This variation may be due to the difficulty of skipping multiple exons (8) or to differences in experimental conditions, such as using a lower dose of 4 mg/kg for each PPMO (as in the present study) compared with a previous report of single exon skipping using a PPMO at 30 mg/kg administrated through i.v. injections in mice (17) . Despite overall low levels of dystrophin rescue in CXMD J dogs, the fact that we observed nearly equal dystrophin levels between the skeletal and cardiac muscles indicates that the peptide B modification can enhance the efficacy of SSOs in the myocardium of dystrophin-deficient dogs.
Another considerable concern in the present study is that no improvement of clinical grading scores and functions was found in skeletal muscles of CXMD J dogs consecutively treated with the 3-PPMO cocktail at 12 mg/kg/injection. The failure of restoring skeletal muscle function may relate to the time of initiation of therapy. Unlike with DMD mouse models, dystrophic dogs exhibit progressive degeneration and clinical symptoms in skeletal muscles from the neonatal period (12) . In this study, we began the treatment of affected dogs at 4 mo of age when the cardiac abnormalities became evident on ECG. The present finding suggests the need for starting PPMO treatment at younger ages to restore skeletal muscle functions in the dystrophic dog model. Also, it has been reported that rescue of more than 10% of normal dystrophin levels is required for functional recovery in skeletal muscle of a dystrophic mouse model (32) . However, a recent clinical trial with an exon 51-skipping PMO antisense drug has had an encouraging result: very low to undetectable levels of rescued dystrophin protein in Western blotting analysis can help slow a decline in walking ability of DMD patients subjected to treatment with a single weekly i.v. injection over a span of 3 y (3). One implication from the clinical trial is that low expression levels of dystrophin (∼5% compared with healthy dogs) might have a potential for leading to some clinical benefit in skeletal muscles in long-term treatment.
DMD/BMD-associated cardiomyopathy includes various cardiac arrhythmias, as represented by ECG, implicating dysfunction of the cardiac conduction system. In fact, dystrophindeficient Purkinje fibers have been reported to exhibit vacuole degeneration in patients with DMD (24, 31) and in CXMD J dogs (22) . We previously described overexpression of a dystrophin short isoform, Dp71, in the Purkinje fibers of CXMD J dogs (22) . However, the excess Dp71 expression does not compensate for a lack of the Dp427m (full-length) isoform in CXMD J dogs. The rescue of full-length dystrophin (with exons 6-9 skipping) in Purkinje fibers could ameliorate or prevent cardiac arrhythmias in DMD patients. Our results support this hypothesis: the 3-PPMO cocktail administration ameliorated abnormally deep Q-waves and increased Q/R ratio in three CXMD J dogs. These improvements appear to be associated with expression of the rescued full-length dystrophin protein and the amelioration of vacuole degeneration in Purkinje fibers.
In association with our observations of dystrophin rescue in PPMO-treated dog hearts, it has been reported that as little as <2% rescued dystrophin (compared with normal levels), as represented by Western blotting, improves cardiac function in a dystrophic mouse model (32) . Also, unlike the working myocardium, expression of dystrophin-associated proteins, such as sarcoglycans and β-dystroglycan, is well maintained in the Purkinje fibers of CXMD J dogs (22) . Dystrophin-deficient heart, which is more mildly affected than skeletal muscles, might retain the potential to work normally if the cardiac conduction system can be improved with the rescue of full-length dystrophin. To examine this possibility, further studies are required with more optimized regimens for PPMO treatment in the dog model, such as dosages and routes of PPMO administration and injection frequencies. Nevertheless, the present findings suggest that dystrophin Dp427m plays an important role in maintaining the normal architecture and function of the cardiac Purkinje fibers.
As represented here, exon skipping with PPMOs can more effectively restore dystrophin expression in skeletal and cardiac muscles and ameliorate abnormalities of the cardiac conduction system in dystrophic animal models compared with unmodified morpholinos (10, 16, 34) . However, higher toxicity is a major concern in the use of the PPMO chemistry (35) . There was no obvious toxicity or immune response detected by blood tests, histological assessment, and antibody tests in mdx mice systemically injected with 30 mg/kg peptide B-conjugated PMO at 2-wk intervals for 3 mo (17) and at 1-mo intervals for 1 y (33). Tolerance to other arginine-rich CPPs has also been reported at up to 30 mg/kg in mdx mice with no apparent signs of toxicity (35, 36) . Although the population of dogs used in this study is limited, our regimen involving a single i.v. injection and four i.v. injections at 2-wk intervals with the 3-PPMO cocktail (12 mg/kg/injection, 4 mg/kg each) showed no obvious toxic effects in blood tests. An important finding in the present safety assessment is that residual PPMOs as detected by ELISA after the final injection did not induce adverse effects detectable in blood tests up to 2 wk later. We also found no apparent signs of immune activation as detected by leukocyte counts. However, a challenge to verify antibody production against CPPs remains to be resolved. Along with the effectiveness of PPMO-mediated multiple exon skipping, studies on the long-term safety of the PPMO chemistry need to be further pursued with various doses and frequencies. A current challenge in studies with PPMOs is the limitation of manufacturing sufficient PPMO amounts for large animal models as found in the present study using three different PPMOs. As PPMOs have high potential to treat DMD, particularly the heart, and to become a promising clinical drug candidate in exon skipping, this issue needs to be overcome before clinical trials begin.
In conclusion, we have demonstrated the efficacy of multiexon skipping, using a 3-PPMO cocktail, in rescuing dystrophin protein expression in the cardiac muscles and bodywide skeletal muscles of a dystrophic dog model. In addition, we found that rescued dystrophin protein in cardiac Purkinje fibers could contribute to the improvement or prevention of conduction abnormalities in the dystrophic heart. The present preclinical data provide valuable information for translational research toward future human clinical trials involving exon-skipping therapy with PPMOs.
Materials and Methods
Detailed descriptions of animal PPMOs and PMOs, injections of PPMOs and PMOs, clinical evaluation, locomotor activity assay, RT-PCR, immunohistochemistry, H&E staining, Western blotting, ECG, echo, blood tests, blood cell counting, and ELISA are provided in SI Materials and Methods.
All experimental procedures were approved by the Institutional Animal Experiment Committees of the National Center of Neurology and Psychiatry. All methods were performed according to the approved guidelines and under the supervision of veterinarians.
